The genome is burdened with repetitive sequences that are generally embedded in silenced chromatin. We have previously demonstrated that Lsh (lymphoid-specific helicase) is crucial for the control of heterochromatin at pericentromeric regions consisting of satellite repeats. In this study, we searched for additional genomic targets of Lsh by examining the effects of Lsh deletion on repeat regions and single copy gene sequences. We found that the absence of Lsh resulted in an increased association of acetylated histones with repeat sequences and transcriptional reactivation of their silenced state. In contrast, selected single copy genes displayed no change in histone acetylation levels, and their transcriptional rate was indistinguishable compared to Lsh-deficient cells and wildtype controls. Microarray analysis of total RNA derived from brain and liver tissues revealed that ,0.4% of the 15 247 examined loci were abnormally expressed in Lsh/-/embryos and almost two-thirds of these deregulated sequences contained repeats, mainly retroviral LTR (long terminal repeat) elements. Chromatin immunoprecipitation analysis demonstrated a direct interaction of Lsh with repetitive sites in the genome. These data suggest that the repetitive sites are direct targets of Lsh action and that Lsh plays an important role as 'epigenetic guardian' of the genome to protect against deregulation of parasitic retroviral elements.
INTRODUCTION
Packaging of DNA into chromatin organizes the genome into 'active' zones of euchromatin and 'repressed' zones of heterochomatin (1) (2) (3) (4) . These opposing states of chromatin compaction ultimately control the access of DNA binding factors to their specific target sites. The chromatin-dependent organization of the genome plays an important role in the control of fundamental cellular processes such as tissue-specific gene expression, gene imprinting, X-chromosome inactivation and mitosis (5) (6) (7) (8) (9) .
Chromatin states can be inherited by the next cell generation, thus preserving specific gene expression pattern, a phenomena known as epigenesis. Epigenetic modifications of chromatin are largely determined by specific posttranslational modifications of histone tails or covalent modification of cytosine residue (10) (11) (12) (13) (14) . The transcriptionally active euchromatin is frequently characterized by hypomethylation of DNA, hyperacetylation of histone 3 and histone 4 tails, and methylation of the histone 3 tails at Lys-4. The majority of single copy genes are contained in euchromatin. In contrast, heterochromatin represents a condensed form of chromatin and is generally marked by DNA hypermethylation, and hypoacetylation of histones 3 and 4. A specific methylation of histone 3 at Lys-9 serves as a recognition signal for binding of the major heterochromatin protein 1 (HP1). Heterochromatin contains largely repetitive sequences derived from transposable elements. These repeats include LTR (long terminal repeat) containing retroviral-derived sequences, long interspersed nuclear elements (LINEs) and short interspersed nuclear elements (SINEs), simple repeats, and major and minor satellite sequences. Although, the suppression of these parasitic repeat elements in the genome is considered to be important, the regulation and establishment of silencing chromatin around repeat regions is not yet understood.
Lsh (lymphoid-specific helicase) is a member of the SNF2 family of chromatin remodeling proteins (15) . SNF2 homologues are important components of SNF/SWI chromatin remodeling complexes that require ATP to disrupt histone-DNA interactions, and to allow for sliding of the nucleosomes along the DNA (16, 17) . Lsh has been previously cloned from a lymphoid precursor library and characterized in proliferating lymphoid tissues (15, 18, 19) . Lsh is ubiquitously expressed during embryogenesis and targeted deletion of Lsh leads to early death of the newborn with signs of renal and lymphoid defects (18, 20) . Embryonal fibroblasts derived from LshÀ/À embryos display mitotic defects and embryos show reduced birth weight (19, 21) . Thus, the chromatin structure shaped by Lsh plays a crucial role during normal embryonic development.
We have previously characterized Lsh as a major epigenetic regulator in mice. Targeted deletion of Lsh in mice leads to a global loss of CpG methylation (22) . This reduction in CpG methylation has been recently confirmed in an independently generated Lsh-deficient mouse strain (PASG) (23) . Similarly, a mutation of the DDM1 gene (decrease in DNA methylation 1), a close homologue of Lsh in Arabidopsis thaliana, results in genomic hypomethylation (24) . Since Lsh and DDM1 both belong to the SNF2 family of chromatin remodeling proteins, it suggests that chromatin structure plays a crucial role in determining DNA methylation patterns.
Lsh shows a preferential association with pericentric heterochromatin, and the loss of CpG methylation is most substantial around pericentromeric heterochromatin sequences (22, 25) . Moreover, LshÀ/À cells show an abnormal pattern of histone methylation at pericentromeric heterochromatin (26) . This suggests that Lsh plays an important role in controlling epigenetic modifications at pericentromeric heterochromatin. In this study, we attempted to search for additional genomic targets of Lsh. By screening epigenetic modifications and transcription at repeat sites that are usually embedded in silenced chromatin, and at single copy genes that are frequently embedded in euchromatin, we report here that, in particular, repetitive elements are effected by Lsh. Our study supports the idea that Lsh is preferentially recruited to repeat sites in the genome and that Lsh contributes to silencing of repetitive elements to preserve genomic integrity.
MATERIALS AND METHODS

Mice tissue and cell culture
Embryonic tissues from crosses between Lsh+/À mice were obtained at the indicated day of gestation, and the genotype was performed by PCR analysis as previously described (18) . Primary murine embryonal fibroblast (MEF) cells were isolated and cultured in growth medium as previously described (21) . Embryonal carcinoma cell line P19 was purchased from ATCC and cultured according to the manufacturer's protocol.
Southern blotting of PCR products
Amplified DNA was separated by agarose gel electrophoresis and transferred to NYTRAN nylon transfer membranes (Schleicher & Schuell). After 1 h pre-hybridization with Rapid-hyb buffer (Amersham Pharmacia Biotech), hybridization was carried out for 1 h at 42 C with the radiolabeled oligonucleotide probes. The probes were end-labeled with [g-32 P]ATP using the RTS T4 Kinase Labeling System (Gibco BRL) and purified with ProbeQuant G-50 Micro Columns (Amersham Pharmacia Biotech). Blots were washed as described in the manufacturer's protocol and visualized by autoradiography.
Western analysis
Samples derived from P19 and MEF cells were dispersed into single cell suspensions in phosphate-buffered saline (PBS). Nuclei were extracted by using Nuclei EZ prep nuclei isolation kit (Sigma). The nuclei pellets were lysed into half volume of low salt buffer [10 mM HEPES, 25% Glycerol, 1.5 mM MgCl 2 , 20 mM KCl, 0.5 mM DTT, 0.2 mM EDTA and 25 mM p-nitrophenyl-p 0 -guanidinobenzoate (PNPGB)] and half volume of high salt buffer (10 mM HEPES, 25% Glycerol, 1.5 mM MgCl 2 , 20 mM KCl, 0.5 mM DTT, 0.2 mM EDTA and 25 mM PNPGB) The samples were mixed and then extracted on ice for 30 min. After spinning at 15 000 g for 15 min at 4 C, the supernatants were collected and protein concentrations determined with the Bradford assay. Western blot was performed as described previously (26) .
Chromatin immunoprecipitation
Chromatin immunoprecipitations (ChIPs) were performed as described in detail elsewhere (27) . In brief, cells were crosslinked with 1% formaldehyde, lysed and sonicated on ice to generate DNA fragments with an average length of $200-800 bp. After pre-cleaning, 1% of each sample was saved as input fraction. Immunoprecipitation was performed using specific antibodies against the indicated peptides or immunoglobulin G (IgG) used as control. The eluted complex was directly used for western blotting analysis, or the cross-linking was reversed for nucleic acids preparation and PCR analysis as described in (27) . Amplification conditions were as follows: 94 C for 3 min; 94 C for 1 min; 62 C for 2 min; 72 C for 3 min (10 cycles for major satellite sequences, 18 cycles for minor satellite sequences and intracisternal A particle (IAP), 25 0 -(13354-13374). Quantitative determination of single copy genes by real-time PCR was performed as previously described (22) .
RT-PCR analysis
Samples from primary MEF cells and the indicated embryonic tissues were homogenized with the QIAshredder spin column and total RNA was isolated using RNAeasy Mini kit (Qiagen). An aliquot of 1 mg of total RNA from each sample was subjected to first strand cDNA synthesis using an Omniscript RT kit (Qiagen) with or without reverse transcriptase (+RT or ÀRT). Additional controls were performed for major satellite sequences analysis by treating total RNA with Rnase (Qiagen). PCR analysis was performed in serial dilutions (1:10) C for 3 min. The primers for major satellite sequences were:
Microarray analysis
Total RNA was prepared from liver or brain tissue of LshÀ/À embryos of day 17.5 of gestation and wild-type littermate controls. The NIA mouse cDNA array is composed of 15 247 unique clones derived from 11 embryonic libraries. Details of the library composition, hybridization protocol and data analysis are available online (http://lgsun.grc. nia.nih.gov/cDNA/), and as supplemental Materials and Methods section. The average clone size is about 1500 bp in length.
All clones in the library have been sequence verified [(28); D. Munroe unpublished data]. Pair-wise comparison of LshÀ/À and Lsh+/+ tissues was performed. Three arrays were performed for each pair (including inversion of the dye labeling). Every hybridization experiment was performed in triplicates, and the data was normalized by background subtraction. Only sequences that had a more than 2-fold rise in at least two arrays were scored. For analysis of repetitive elements, first, the parental sequences of the clones were determined using Unigene (http://www.ncbi.nlm.nih.gov/entrez/query. fcgi?CMD=search&DB=unigene) and then the sequences were examined by the Repeatmasker program (http://www. repeatmasker.org).
RESULTS
Lsh deficiency alters histone acteylation levels at repetitive elements
We have previously demonstrated that the absence of Lsh results in alterations of histone methylation levels that occur specifically at repetitive sequences (26) . ChIP analysis revealed a raise in methylation at Lys-4 of histone 3 at major and minor satellite repeats, LTR elements and LINEs. In contrast, a number of selected single copy genes failed to reveal any changes in histone methylation levels. Thus, we tested the idea that Lsh specifically controlled histone modifications at repeat sites that are usually embedded in silenced chromatin versus single copy genes frequently residing in euchromatin.
First, we examined the histone acetylation levels at repeat elements that are usually low in acetylation using ChIP. Chromatin from MEFs derived from Lsh wild-type or LshÀ/À embryos were precipitated using anti-acetyl-histone 3 (Lys-9 and Lys-14) or anti-acetyl-histone 4 (Lys-5/8/12/16) antibodies. As shown in Figure 1A , repetitive sequences were greatly enriched in the chromatin precipitated material derived from Lsh-deficient samples using antibodies against acetylated histone 3 and histone 4. This increase in acetylated chromatin precipitates was prevalent at all repetitive elements tested, such as minor and major satellite sequences, that are present at pericentromeric heterochromatin and LTR elements (such as the IAP), that are located at silenced chromatin throughout the genome. As a control, wild-type chromatin displayed very low levels of histone 3 and histone 4 acetylation at repetitive elements. On average, the association of acetylated histone 3 and histone 4 with repeat sequences was about 3-to 8-fold higher in Lsh-deficient chromatin as compared to that of wildtype controls ( Figure 1B ). This increased association of acetylated chromatin with repeats could not be explained by a general increase in acetylated histones, since neither western blot analysis nor immunefluorescence techniques revealed a general increase in histone acetylation levels (data not shown).
Next, we investigated the effect of Lsh on histone acetylation levels at a number of selected single copy sequences: such as the X-linked phosphoglycerate kinase 1 gene (Pgk-1), tissue-specific genes such as b-globin and Pgk-2, the imprinting genes H19 and Igf2R and the house keeping gene adenine phosphoribosyl transferase (APRT). Since the acetylation level was indistinguishable when compared with the wildtype and LshÀ/À samples using conventional PCR technique (Figure 2A ), real-time PCR was employed for greater sensitivity. However, as shown in Figure 2B , no changes in the degree of either histone 3 or histone 4 acetylation levels were detectable. (Note: The acetylation level of the Pgk-2 gene was too low to be measurable in wild-type embryonic body tissue or MEFs, and the absence of Lsh could not raise Pgk-2 histone acetylation to detectable levels, data not shown).
Thus, changes in histone acetylation levels after Lsh deletion closely corresponded to previously observed alterations in histone methylation levels (26) and were only detectable at repetitive sites as opposed to single copy sites.
Gene transcription is only elevated at retroviral elements and not at selected single copy genes
In order to further test the effect of Lsh deletion on repetitive sites versus single copy genes and to evaluate also functional consequences of altered histone acetylation levels, we measured gene expression levels by RT-PCR analysis. First, the expression levels of repetitive sequences were examined using RNA derived from LshÀ/À MEFs or LshÀ/À embryos ( Figure 3A) . Repeat sequences are generally silenced in heterochromatin and transcripts are hardly detectable or even undetectable in wild-type tissues. However, the disturbance of heterochromatin in the absence of Lsh as previously reported and the raise of histone acetylation levels as reported in this study resulted in the reactivation of the suppressed repeats. As shown in Figure 3A , major satellite transcripts were increased in LshÀ/À MEFs and embryonic tissue. Primarily, the forward strand was detectable in Lsh-deficient cells Figure 3B) . Similarly, preferential expression of forward strands for centromeric repeats has been reported in yeast cells with a mutation of the HP1 homologue Swi6 (29) . Possibly, transcripts of the reverse strand are less stable. Furthermore, the repetitive LTR element (such as the IAP, also known as ERV class II) was enhanced in embryonal fibroblasts or embryonic tissue, as we have previously reported (26) . In contrast, transcripts for minor satellite repeats were completely undetectable in either LshÀ/À or Lsh+/+ tissues (data not shown). The difference between the transcriptional rates of major versus minor satellite sequences may be due to the different distribution of retrotransposable elements, which contain regulatory sequences for transcription. These elements are dispersed in pericentromeric heterochromatin where major satellites are embedded and are not present in centromeric regions, which contain minor satellites. In order to determine the size of the major satellite transcripts, northern analysis was performed (data not shown). Lsh-deficient cells gave varying degrees of smear ranging from 4 kb to 200 bp, which may be expected based on the variability of promoter positions and transcriptional start sites (see above). However, a cross-hybridization with traces of genomic DNA was also observed. RNase treatment as well as DNase treatment abolished the signal leaving the true source of the smear undetermined.
Next, several selected single copy genes were assayed using RNA derived from either LshÀ/À MEF cells or LshÀ/À embryos. None of the widely expressed genes, Igf2R, APRT, b-actin, H19 or Pgk-1 revealed any differences in gene expression levels comparing the wild-type and LshÀ/À samples ( Figure 3A) . b-globin, a tissue-specific gene, is usually not expressed in embryonal fibroblasts and the tissue-specific barrier of gene expression was not released upon Lsh deletion and genomic hypomethylation. Pgk-2 is specifically expressed in testis and was undetectable in MEFs or embryonic tissue, and its silenced state in most tissues was apparently not reactivated upon Lsh deletion.
Thus, Lsh deficiency appears to specifically alter gene expression levels at repetitive sites but not at selected single copy genes. The transcriptional change corresponds to alterations in histone modifications that preferentially occurred at repeat sites. These results support the hypothesis that Lsh plays a specific role in protecting the chromatin state and function at repetitive elements in the genome. 
Microarray analysis of Lsh-deficient brain and liver tissues
The previous RT-PCR analysis allowed only the investigation of a few genomic loci affected by Lsh deficiency. In order to carry out a genome-wide screening for other targets of Lsh effects, we obtained a gene expression profile using the NIA embryonic cDNA microarray. Total RNA was prepared from LshÀ/À brain or liver tissues (day 17.5 of gestation) and from wild-type littermate controls. Of the 15 247 available sequences on the array, about 12 616 were analyzed with brain RNA and 13 026 with liver RNA. Of these, about 0.5% was altered more than 2-fold in the LshÀ/À brain and about 0.4% was altered in the LshÀ/Àliver in comparison with wild-type controls ( Figure 4A ). Since only moderate changes in gene expression levels were detected, these results suggest that Lsh is not a major transcriptional regulator such as SNF2, a chromatin remodeling protein that transcriptionally controls about 6% of genes in Saccharomyces cerevisiae (30) .
The majority of sequences in the brain were increased in the absence of Lsh, suggesting that Lsh mainly silences specific transcripts in the brain ( Figure 4B) . Surprisingly, the majority of clones in the liver were decreased; however, the magnitude was marginal, since more than 97% of downregulated sequences in the liver showed a change of <2.5-fold ( Figure 4C ).
Thus, based on the degree of deregulation, Lsh deletion mainly resulted in upregulation of selected clones suggesting an overall suppressive effect of Lsh on gene transcription.
Many of the aberrantly expressed sequences were of unknown function (Table 1 ). Since Lsh deficiency or CpG hypomethylation can lead to reactivation of LTR elements (Figure 3) , we screened the parental sequences for the presence of repetitive sequences using the Repeatmasker Program. As shown in Figure 5A , about 60% of all altered brain or liver clones contained repeats in the parental sequences, among the upregulated sequences the percentage was even $80%. The following repeat families were identified by the Repeatmasker Program ( Figure 5B ): 45% of the repeat containing clones belonged to 'LTR elements' (such as endogenous retroviral-derived elements ERV class I and ERV class II), about 33% belonged to the SINE family (such as Alu/B1, B2-B4 and MIR elements) and 11% revealed LINEs (such as L1 and L2 elements) and only 3% had sequences derived from 'DNA elements' (such as the MER1 and MER2 type). Low complexity sequences or poly (A) tails were not included in the repeat analysis. The detection of clones containing repeat sequences was possible despite the presence of COT1 DNA in the hybridization protocol. COT1 DNA is commonly used to suppress non-specific hybridization since it is enriched in repetitive sequences, such as SINEs B1, B2 or LINE L1. Thus, the hybridization to LINE or SINE sequence containing clones was probably mediated by the unique sequence portion of identified clones. A few clones on the array consisted mainly of LTR elements and served quasi as positive controls. For example, the clones H3020E05 or H3053D11, that consist 85-90% of LTR elements. Their hybridization was probably due to the high homology that LTR elements frequently share with each other. For example, LTR containing clones H3020E05 and H3020E06 are 99% homologous in their repeats, and H3081A04 and H3010A11 are 95% homologous. The extent of abnormal gene expression correlated with the presence of repeats and in particular with the presence of retroviral-derived LTR elements ( Figure 5C ) supporting the idea that Lsh plays an important part in silencing parasitic elements in the genome. Among 14 upregulated sequences that did not contain repeats, six were uncharacterized, three were related to ribosomal proteins and five remaining genes appear functionally not related to each other (Table 1) . Possibly their transcriptional increase is due to close proximity to retroviral-derived sequences. Among 32 sequences that were downregulated and did not contain repeat sequences, 8 were not characterized and 16 were sequences derived from the globin locus. The 8 remaining genes appear functionally unrelated. Since most of the downregulated sequences were found in the liver and were only altered 2-to 2.5-fold (see above), it is possible that their decrease is partly due to a defect in hematopoietic cell numbers in the liver as discussed below.
Lsh targets directly to repetitive sequences
The Lsh protein shows preferential localization to pericentromeric heterochromatin, composed of major and minor satellite repeats (25) . Furthermore, Lsh deletion primarily affects repetitive sequences with respect to transcription and posttranslational modification of histone tails. Thus, we hypothesized that Lsh may be directly recruited to repetitive sequences in the genome. To test this hypothesis, we performed ChIP analysis to examine the association of Lsh with specific DNA regions. The embryonic cell line P19 was selected for ChIP analysis, since western analysis revealed a more than 5-fold higher amount of endogenous Lsh protein in comparison with embryonal fibroblasts ( Figure 6A ). ChIPs were performed using a C-terminal antibody against Lsh to precipitate the endogenous Lsh protein after cross-linking to chromatin. Western analysis demonstrated a substantial enrichment of Lsh protein in the specifically precipitated DNA-protein complex in comparison with the IgG control ( Figure 6B ). PCR analysis of the immunoprecipitated DNA revealed an increase in repetitive sequences such as major and minor satellites, LINE, SINE and LTR elements (such as IAP) in the anti-Lsh precipitated chromatin fraction in comparison with the IgG control ( Figure 6C ). In contrast, the amount of single copy genes (such as APRT and actin) was not enriched in anti-Lsh precipitated chromatin compared to IgG controls (data not shown). Thus, Lsh is directly recruited to repetitive elements in the genome, making parasitic elements a primary target of Lsh action.
DISCUSSION
Lsh is a guardian of heterochromatin
Repeat sequences derived from transposable elements are spread throughout the genome and may impose a threat to the genome integrity (31) . Here, we demonstrate a specific role for Lsh on epigenetic regulation of repetitive elements that are frequently embedded within heterochromatin. Lsh deletion causes an increased association of acetylated histones with repetitive elements and this elevation closely correlates with an altered transcriptional rate. In contrast, no effect of histone acetylation or transcription was observed at several selected single copy genes. A similar pattern of histone methylation changes occurring only at repeat sequences as opposed to single copy sites in Lsh deleted tissue had been previously reported (26) . Using microarray analysis in the present study, we show that Lsh primarily affects sequences that contain repeat elements. Furthermore, we provide evidence that Lsh is directly recruited to repetitive sites in the genome. These data suggest that Lsh plays an important role as an epigenetic regulator at repetitive parasitic elements, and we propose that Lsh specifically acts as guardian of heterochromatin organization and function.
How is Lsh targeted specifically to repeat sites?
Recently, several reports suggest that small RNA molecules are involved in the establishment of heterochromatin in lower organisms (32) (33) (34) . For example, in fission yeast transcripts derived from centromeric regions can be detected and lead to the formation of double-stranded RNA (29, (35) (36) (37) . The long RNA transcripts are then targeted by components of the RNA interference machinery and cleaved into small 21-23 bp long RNA molecules. These small molecules then return to sites of their transcription and are crucial for the recruitment of H3-K9 methyltransferase activity and establishment of heterochromatin. Recent evidence has suggested that in mammalian cells also, heterochromatin formation depends on the RNA interference machinery (38) . The recruitment of Suv39 proteins (H3-K9 methyltransferases) and HP1 may depend on an RNA component (39) . Suv39 methyltransferases are important for the recruitment of DNA methyltransferases, DNA methylation at major satellite repeats and transcriptional regulation of satellite regions (39, 40) . Since the presence of Lsh is also crucial for DNA methylation at satellite repeats and the regulation of satellite transcripts, targeting of Lsh may similarly involve an RNA component. Some repetitive elements, to which Lsh is recruited, may be transcribed on both strands or contain an intrinsic repeat that facilitates the formation of double-stranded RNA, leading to small RNA molecules by the RNA interference pathway. These small RNA molecules may be instructional for the recruitment of Suv39h1/h2, HP1, and other critical components of heterochromatin formation such as Lsh. Deletion of Suv39 proteins in contrast to deletion of DNA methyltransferases moderately increases gene expression levels of major satellite repeats (40) . Thus, DNA methylation alone may not sufficiently regulate the transcription of satellite sequences and Lsh may affect heterochromatin structure beyond DNA methylation. Alternatively, DNA methylation may have different effects in distinct cell types, being only critical in somatic cells (as used in this study) and not in stem cells (40) . The observation that Lsh controls transcription and heterochromatin formation at major satellite sequences is consistent with a model in which small RNA molecules are instructional for recruitment of Lsh. However, the presence of small RNA molecules derived from major satellites has not been reported as yet in mammalian cells.
Does Lsh affect single copy sequences?
Currently, though we cannot exclude a direct impact of Lsh on selected single copy genes, it is possible that some of the abnormally expressed single copy sequences are indirectly (21) rather than direct suppression of the PCNA promoter. As an alternate possibility to explain effects on some single copy genes, the spreading of chromatin states may be responsible. In fission yeast, it has been recently reported that the close proximity to LTR elements spreads heterochromatin formation and leads to silencing of genes (37) . Upon deletion of Lsh, repeat elements may change their chromatin state and since repetitive elements can be located in introns, in promoter regions or in close proximity of coding sequences, these altered heterochromatin configuration may then spread into a few single copy sequences. This model may also explain the observation of moderate CpG methylation loss of LshÀ/À cells at selected single copy genes as judged by Southern analysis contrasting the more dramatic reduction in DNA methylation at repeat elements (22) . Similarly, DDM1 mutations (a homologue of Lsh in A.thaliana) cause depletion of DNA methylation at repeats and only after consecutive rounds of breeding can an effect on single copy sites be observed (24) .
What is the functional consequence of demethylated repeats?
Analysis of the whole genome revealed that the bulk of the mammalian genome is burdened with mobile elements (30) . Up to 40-50% of the murine or human genome contain repeat sequences derived from transposable elements, including retrotransposon with LTR elements or without LTRs (such as LINE or SINE) that are able to amplify and transfer to new locations in the genome utilizing RNA intermediates or DNA transposons (41) . More recent reviews consider a role for repeat elements in shaping the genome during evolution (42) . For example, repetitive elements may have been incorporated into promoter regions or transposable elements may have been 'tamed' and used for endogenous gene rearrangement during V(D)J recombination. However, repeats are generally considered as selfish, parasitic elements whose mobility poses the threat of genomic mutations (41) (42) (43) . DNA methylation may play a role in the transcriptional silencing and thus repression of transposable elements. In line with this idea, it had been reported that the transcription of the IAP is enhanced in the absence of dnmt1 and CpG methylation (44) . In DDM1 mutants (a close homologue of Lsh in A.thaliana), reactivation and transposition of endogenous mobile elements was observed causing insertional mutagenesis (45) . It is estimated that in the mouse genome up to 10% of all mutations are a consequence of retroviral insertion (41) . The insertions may promote recombination or may disrupt coding sequences. Insertions may also lead to aberrant gene expression patterns by spreading of heterochromatin leading to silencing of adjacent tumor suppressor genes. Whether the reactivation of transposable elements in the absence of Lsh can indeed threaten genome integrity and promote tumorigenesis awaits further investigation. In brief, normal heterochromatin organization is important for gene silencing, imprinting and centromere function. The burden of transposable elements in the mammalian genome demands additional strict control to suppress the activation and mobility of parasitic repeat elements. We propose that Lsh participates in normal heterochromatin organization and function and may be crucial in taming these parasitic elements to ensure genomic integrity.
